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Introduction {#sec001}
============

Embryonic development of birds is a process that is threatened by microbial invasion \[[@pone.0204022.ref001]\]. Vertical transmission of pathogens during egg formation and horizontal transmission after oviposition may threaten the individual fitness and viability of the embryo and result in hatching failure \[[@pone.0204022.ref002]\]. Shortly after laying, the eggshell becomes susceptible to pathogen penetration \[[@pone.0204022.ref003]\]. As such, environmental factors such as nest materials, bacteria on the female's skin, feathers and feces, nest visitors, and airborne bacteria are important risks of egg contamination \[[@pone.0204022.ref004]\].

To minimize embryonic contamination, the composition of the egg creates a natural physical barrier against bacterial penetration \[[@pone.0204022.ref005]\], and together with antimicrobial substances within the egg yolk and albumen \[[@pone.0204022.ref006]\], they constitute a first line of defense. In birds, females can influence the phenotype and fitness of their offspring by modifying the egg composition through the transfer of immunoglobulins (e.g. IgY) and antibacterial proteins to their eggs \[[@pone.0204022.ref007]--[@pone.0204022.ref008]\]. These maternal immune factors protect the embryo against bacteria which have succeeded in penetrating the eggshell, and the hatchling after the resorption of the remaining egg yolk and albumen. Amongst antimicrobial proteins in the egg albumen, lysozyme, ovotransferrin, and avidin are the three most abundant ones \[[@pone.0204022.ref009]\].

Several studies showed that the number of bacteria present on the eggshell is positively associated with the risk of trans-shell infection \[[@pone.0204022.ref001], [@pone.0204022.ref010]\]. Not only the bacterial load is a forerunner of hatching failure, but also the composition of the bacterial community and certainly the presence of pathogenic bacterial strains could play a role \[[@pone.0204022.ref011]\]. In the gastrointestinal tract of avian species, the phyla *Firmicutes* (including *Lactobacillus*) and *Bacteroidetes* and the family of *Enterobacteriaceae* are amongst the most abundant bacterial groups \[[@pone.0204022.ref012]--[@pone.0204022.ref013]\]. Most of the enteric bacteria have established a commensal status however, some members are also known as pathogens, especially *Enterobacteriaceae* such as *Escherichia coli*, *Salmonella* spp. and *Yersinia* spp., but also *Clostridium perfringens* belonging to the *Firmicutes* phylum \[[@pone.0204022.ref014]\].

Not only host and pathogen characteristics can influence embryonic development, but also the environment should be taken into account. Changes in host habitat, such as fragmentation of large, homogenous habitat blocks into small, isolated patches, can affect both extrinsic (environmental traits) and intrinsic (life-history traits) factors of the host which are linked to egg contamination and breeding performances. For instance, it has been described that brood parasitism is associated with increased bacterial contamination of host eggs \[[@pone.0204022.ref015]--[@pone.0204022.ref016]\] and that it occurs more in fragmented areas \[[@pone.0204022.ref017]\]. Habitat fragmentation also leads to changes in the social network and feeder visiting of birds \[[@pone.0204022.ref018]\], which is associated with pathogen acquisition and transmission \[[@pone.0204022.ref019]\]. Although some research has been performed on the effect of human encroachment on natural environments of wild bird populations and its effect on host-pathogen interactions, how extrinsic (environmental) drivers shape relationships between infection pressure, immune investment and breeding performance in forest birds, remains poorly known.

To fill this knowledge gap, this study aims at investigating these relationships in great and blue tits, two relatively closely-related forest species with strongly overlapping ecological niches that are widely distributed and abundant throughout Europe. We first examined bacterial infection pressure (load and community composition) on eggs of free-ranging blue and great tits in 19 mature deciduous forest fragments in East-Flanders (Belgium) and analyzed to what extent bacterial loads varied with fragment area. Next, we analyzed variation in maternal immune investment (IgY, avidin, lysozyme and ovotransferrin) into eggs and the extent to which this was correlated with hatching success.

Materials and methods {#sec002}
=====================

Study design and study site {#sec003}
---------------------------

We performed a study of blue and great tits in 53 study plots located in 19 mature (\> 60 years) deciduous forest fragments in the south of Ghent (coordinates: 50°57\'19\"N, 3°43\'31\"E), northern Belgium ([Fig 1](#pone.0204022.g001){ref-type="fig"}; [S1 Table](#pone.0204022.s002){ref-type="supplementary-material"}). All study plots (30 x 30 m) were established in 2014 to study effects of tree species diversity and forest fragmentation on food web dynamics \[[@pone.0204022.ref020]--[@pone.0204022.ref021]\]. Forest fragments in which these plots were located, varied in size (range: 1.3 to 90.4 ha) and tree layer (3 focal species; Pedunculate oak (*Quercus robur*), Red oak (*Q*. *rubra*) and Beech (*Fagus sylvatica*) in monocultures, 2 species mixtures or 3 species mixtures). Surface area sizes for each forest fragment were calculated from detailed GIS layers.

![Map showing the location of all the study plots.\
The study of great and blue tit nests was performed in 53 study plots, established in 19 forest fragments.](pone.0204022.g001){#pone.0204022.g001}

During autumn 2014, 212 standard nest boxes for blue and great tits (dimensions 23 x 9 x 12 cm, entrance 32 mm) were installed at a height of 1.5 m, at each corner of a plot, of which 3 broke during the experiment \[[@pone.0204022.ref020]\]. During the breeding season of 2015, all nest boxes were checked at least twice a week to determine the total number of eggs produced (clutch size), possible brood parasitism ([S1 Table](#pone.0204022.s002){ref-type="supplementary-material"}) and the total number of hatchlings ([S1 Fig](#pone.0204022.s001){ref-type="supplementary-material"}).

Since fragmentation can lead to changes in feeder visiting, which is correlated with pathogen acquisition and transmission \[[@pone.0204022.ref018]--[@pone.0204022.ref019]\], it should be taken into account that the great and blue tits using these nest boxes had access and visited bird feeders in the gardens surrounding the study plots.

To avoid intraclutch variation, the fifth egg of each great and blue tit clutch was collected using sterile gloves, stored in a sterile bottle and transported to the laboratory where the eggs were cracked under a laminar flow cabinet. Egg yolk and egg white were collected and stored separately at -20°C. In order to avoid antimicrobial activity of the albumen, the inside of the eggshells was washed with sterile phosphate buffered saline (PBS) to remove the adhering egg albumen. The eggshell, including shell membranes, was transferred to an Eppendorf tube and stored at -20°C.

The percentage of hatching failure was calculated as ((1-(number of hatchlings/(clutch size-- 1)))\*100).

Antimicrobial assays: Lysozyme, avidin and ovotransferrin {#sec004}
---------------------------------------------------------

We assessed lysozyme concentrations following Ruuskanen et al. (2011) \[[@pone.0204022.ref022]\]. Briefly, albumen was diluted in phosphate buffer (67 mM, pH 6.2, dilution 1:500). A *Micrococcus lysodeikticus* (Sigma-Aldrich, Darmstadt, Germany) suspension was prepared in phosphate buffer (0.5 mg/ml). A hundred μl of the diluted albumen and 100 μl of the *Micrococcus* suspension were added to a 96 well plate (MaxiSorp Nunc-Immuno^TM^ plate, Thermo Fisher Scientific, Massachusetts, USA) and the absorbance was measured every 2 minutes, during 30 min at room temperature and at 450 nm using a Multiskan MS Reader (Labsystem Diagnostics Oy, Vantaa, Finland) with the Ascent Software, version 2.6. Each sample was analyzed in duplicate and before each measurement, the plate was mixed for 10 s. The results, given as Unit/mg protein, were calculated from the changes in absorbance per minute and compared to the standards (lysozyme from chicken egg white, Sigma-Aldrich).

To measure avidin, we used a modified version of the colorimetric method of Gan & Marquardt (1999) \[[@pone.0204022.ref023]\]. Therefore, each albumen sample was diluted 1:4 in carbonate--bicarbonate buffer (Sigma-Aldrich) and 100 μl of each 10-fold serial dilutions was added to a 96 well plate (MaxiSorp Nunc-Immuno plate), until a dilution factor of 11 was achieved. Serial dilutions of avidin (5--0.002 μg/ml, Sigma-Aldrich) were used as a standard. The plates were incubated at 4°C overnight and then rinsed 3 times with phosphate-buffered saline (PBS)/0.05% Tween-20 (Sigma-Aldrich). Superblock buffer (Pierce, Rockfords, USA) was added for 30 s at room temperature to prevent nonspecific binding. This was repeated twice. Subsequently, we added 100 μl of a 1:4000 dilution of biotin/horseradish peroxidase (Sigma-Aldrich) in Superblock/0.05% Tween-20 to each well. The plates were incubated for 25 min at room temperature, followed by a wash step with PBS/0.05% Tween-20. After washing the plate 5 times, 100 μl of blue peroxidase (POD) substrate (Roche, Reinach, Switzerland) were added to each well before incubating the plates at room temperature for 30 min. Finally, the absorbance was measured at 450 nm using a Multiskan MS Reader. The concentration of avidin (μg/ml) in each sample was calculated by comparison of absorbance values to those in the standard curve.

The concentration of ovotransferrin was determined using the total iron binding capacity assay of Yamanishi et al. (2002) \[[@pone.0204022.ref024]\]. Therefore, 125 μl of a 1:500 dilution of an iron-standard solution (1000 mg/ml; Sigma-Aldrich) in a buffer (pH 8.4) containing 300 mmol/l Tris (Thermo Fisher Scientific), 150 mmol/l sodium hydrogen carbonate (EMD Millipore, Darmstadt, Germany), and 4.2 g/l Triton X-100 (Sigma-Aldrich) was added to 24 μl of each albumen sample in wells of a 96-well plate (Nunc MaxiSorp). After 5 min of incubation at 37°C, a second reagent (pH 4.0) containing 10 mmol/l ferrozine (Baker, Maine, USA) and 32.6 mmol/l L-ascorbic acid (Thermo Fisher Scientific) in 50 mmol/l Tris buffer were added to each well and incubated at 37°C for 5 min. Subsequently 100 μl of a third reagent containing 600 mmol/l citric acid (Baker) and 25.6 mmol/l thiourea (Baker) was added. The absorbance was measured every 20 s at 570 and 660 nm for 6.2 min using Multiskan MS Reader. To calculate ovotransferrin concentration, we determined the difference in absorbance at 570/660 nm at the beginning and end of the 6.2-min period. The absolute ovotransferrin concentration (mg/ml) was calculated by comparing these values with those in a standard curve.

Antibody titre analysis (IgY) {#sec005}
-----------------------------

The antibody (IgY) level was determined using an indirect enzyme-linked immunosorbent assay (ELISA), modified from Morosinoto et al. (2013) \[[@pone.0204022.ref025]\]. Briefly, ELISA plates (MaxiSorp Nunc-Immuno plates) were coated overnight at 4°C with 50 μl anti-chicken IgG (produced in rabbit) diluted 1/2000 in carbonate coating buffer. Egg yolk was diluted 1/3 with distilled water and supernatant was collected after centrifugation at 13 000 rpm for 15 min (4°C). Subsequently, the supernatant diluted 1/2000 in 1% bovine serum albumin in phosphate buffered saline (BSA-PBS) was added to the wells (50 μl) and incubated for 3 hours at room temperature. An alkaline phosphatase conjugated rabbit anti-chicken IgY antibody (1/2000) (Sigma-Aldrich) was added overnight at 4°C as a secondary antibody. The plate was developed using p-nitrophenyl phosphate for 30 min. The optical density was measured at 405 nm using a Multiskan MS Reader.

Bacteriological analysis: Enumeration of bacterial load by qPCR {#sec006}
---------------------------------------------------------------

DNA was extracted from the eggshell using a PowerLyzer® PowerSoil® DNA Isolation Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer's guidelines. The abundance of total bacteria, *Firmicutes* and *Bacteroidetes* phyla, *Enterobacteriaceae* family and *Lactobacillus* spp. were quantified using the primers and PCR protocols described in [Table 1](#pone.0204022.t001){ref-type="table"}. Amplification and detection were performed using the CFX384 Bio-Rad Real-time PCR detection system (Bio-Rad, Nazareth, Belgium). Each reaction was done in duplicate in a 12-μl total reaction mixture using 2 x SensiMix SYBR No-ROX mix (Bioline, Luckenwalde, Germany) and 2 μl of DNA.

10.1371/journal.pone.0204022.t001

###### Primers and qPCR protocols used to quantify the total bacteria, *Firmicutes*, *Enterobacteriaceae*, *Bacteroidetes* and *Lactobacillus* spp.

![](pone.0204022.t001){#pone.0204022.t001g}

  Bacterial groups               Reference                    Primers (5\' -3\')               Primer concentration   PCR program
  ------------------------------ ---------------------------- -------------------------------- ---------------------- -----------------------------------------------------------------------
  *Firmicutes*                   \[[@pone.0204022.ref026]\]   `F: GGAGYATGTGGTTTAATTCGAAGCA`   0.5 μM                 10\' 95°C; (30\'\' 95°C, 30\'\' 60°C) x 40; 15\'\' 95°C
  `R: AGCTGACGACAACCATGCAC`      0.5 μM                                                                               
  *Enterobacteriaceae*           \[[@pone.0204022.ref027]\]   `F: CATTGACGTTACCCGCAGAAGAAGC`   0.5 μM                 10\' 95°C; (30\'\' 95°C, 1\' 63°C) x40; 15\'\' 95°C
  `R: CTCTACGAGACTCAAGCTTGC`     0.5 μM                                                                               
  *Bacteroidetes*                \[[@pone.0204022.ref028]\]   `F: CRAACAGGATTAGATACCCT`        0.75 μM                10\' 95°C; (15\'\' 95°C, 15\'\' 61.5°C, 20\'\' 72°C) x40; 15\'\' 95°C
  `R: GGTAAGGTTCCTCGCGTAT`       0.75 μM                                                                              
  *Lactobacillus* spp.           \[[@pone.0204022.ref029]\]   `F: GGAATCTTCCACAATGGACG`        0.5 μM                  20\'\' 95°C; (3\'\'95°C, 30\'\' 57°C) x40; 15\'\' 95°C
  `R: CGCTTTACGCCCAATAAATCCGG`   0.5 μM                                                                               
  Total bacteria                 \[[@pone.0204022.ref030]\]   `F: CGGYCCAGACTCCTACGGG`         0.5 μM                 10\' 95°C; (1\' 94°C, 1\' 53°C, 2\' 60°C) x 40;15\'\' 95°C
  `R: TTACCGCGGCTGCTGGCAC`       0.5 μM                                                                               

Statistical analysis {#sec007}
--------------------

First, in order to test whether total eggshell bacteria, *Firmicutes*, *Bacteroidetes*, *Enterobacteriaceae* and *Lactobacillus* numbers were influenced by fragment area, egg and nest characteristics (i.e. egg volume, clutch size and laying date) or species identity (i.e. great versus blue tit), linear mixed models ('glmer' function of R library 'lme4' \[[@pone.0204022.ref031]\] were run using bacteria counts as dependent variable. Forest fragment identity was included as a random effect to account for possible non-independence of nests within the same forest fragment, and models were run with a Poisson error distribution as bacterial loads were expressed as count data. We checked for overdispersion using the 'c_hat' function of R library 'AICcmodavg' \[[@pone.0204022.ref032]\], while significance of overdispersion estimates was assessed using the 'overdisp_fun' function available in \'PsychHelperFunctions' library (<https://rdrr.io/github/markushuff/PsychHelperFunctions>). All c_hat variance inflation factors were larger than 1 (varying from 1.12 to 5.92) and were significant for all Poisson models considered (all P \< 0.001). Therefore, an observation-level random effect was added in order to account for the overdispersion present in the data \[[@pone.0204022.ref033]\].

Second, in order to test whether bacterial eggshell communities significantly differed between great tits and blue tits, we applied an analysis of dissimilarity (ADONIS, as implemented in the R library 'vegan' \[[@pone.0204022.ref034]\]. Third, to compare concentrations of egg protein concentrations (i.e. concentrations of egg lysozyme, IgY, avidin and ovotransferrin) between both species, Gaussian linear mixed models were applied, using egg protein concentrations as dependent variable and species as explanatory variable while including forest fragment identity as a random effect. All model residuals were normally distributed (Shapiro-Wilk W \> 0.90). Lastly, to explore the relationship between egg immune factors and reproductive success, hatching failure was modelled as a binominal process, comparing success against failure. All statistical tests were performed with R.

Ethical considerations {#sec008}
----------------------

This study was carried out in strict accordance with the recommendation in the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes. All trapping and sampling protocols of blue and great tits were approved and permitted by the Ethical Committee VIB (the Flanders Institute for Biotechnology) Ghent site (EC2015-023).

Results {#sec009}
=======

Bacterial abundance is higher on eggshells of great tits, but with a similar microbiota composition as in blue tits {#sec010}
-------------------------------------------------------------------------------------------------------------------

The bacterial loads of 70 eggs of great tits collected from nest boxes in 42 plots, and of 34 eggs of blue tits collected in nests from 25 plots (summarized in [S1 Table](#pone.0204022.s002){ref-type="supplementary-material"}) were determined by qPCR. Bacterial loads were higher (p \< 0.001) on the eggshells of great tits compared to those on the shells of blue tits ([Fig 2](#pone.0204022.g002){ref-type="fig"} and [S2 Table](#pone.0204022.s003){ref-type="supplementary-material"}). The mean (± SE) eggshell total bacterial count (gene copies / eggshell) of great and blue tit eggs was 8.57 x 10^5^ ± 1.83 x 10^5^ and 3.67 x 10^5^ ± 5.49 x 10^4^, respectively. This corresponds to a Log~10~ value of 5.70 ± 0.05 for great tits and 5.42 ± 0.07 for blue tits ([Table 2](#pone.0204022.t002){ref-type="table"}). Fragment area, egg volume, laying date and clutch size could not explain the pattern of bacterial load on eggs of great and blue tits (all p \> 0.05; [S3 Table](#pone.0204022.s004){ref-type="supplementary-material"}). Although more bacteria were present on the eggshells of great tits, no significant differences were observed in the relative abundance of the composition of eggshell microbiota ([Fig 3](#pone.0204022.g003){ref-type="fig"}). Similar proportions (%) of *Enterobacteriaceae*, *Lactobacillus* spp., *Firmicutes*, and *Bacteroidetes* were observed relative to the total amount of bacteria present on the eggshell of both bird species ([Table 2](#pone.0204022.t002){ref-type="table"} and [S2 Table](#pone.0204022.s003){ref-type="supplementary-material"}).

![Number of total bacteria present on the eggshell of great and blue tits.\
The eggshells of great (n = 70; 42 different plots) and blue tits (n = 34; 25 plots) were analyzed using qPCR for bacterial presence. The results are expressed as the log~10~ of the copy number of the gene per eggshell. The whiskers represent the mean ± standard error of the mean. Statistical significance is shown by the p value.](pone.0204022.g002){#pone.0204022.g002}

![The relative abundance of bacterial groups present on the eggshell of great and blue tits.\
Box plots showing the relative abundance of *Enterobacteriaceae*, *Lactobacillus* spp., *Firmicutes* and *Bacteroidetes* compared to the total bacterial numbers present on the eggshell of great and blue tits, as assessed with qPCR. The whiskers represent the median, the minimum and maximum values, and the first and third quartiles. The plus indicates the mean value.](pone.0204022.g003){#pone.0204022.g003}
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###### Difference in bacterial load, microbiota composition, IgY and presence of antibacterial proteins between blue and great tits.

Shown is the mean ± SE of the total eggshell bacterial load, the proportion (in %) of *Enterobacteriaceae*, *Lactobacillus* spp., *Firmicutes*, and *Bacteroidetes* and egg immune factors of blue and great tit eggs.

![](pone.0204022.t002){#pone.0204022.t002g}

  Measurement                                                   Blue tit                      Great tit
  ------------------------------------------------------------- ----------------------------- -----------------------------
  Eggshell total bacterial count (gene copies/eggshell)         3.67 x 10^5^ ± 5.49 x 10^4^   8.57 x 10^5^ ± 1.83 x 10^5^
  Log10 eggshell total bacterial count (gene copies/eggshell)   5.42 ± 0.07                   5.70 ± 0.05
  Proportion of *Enterobacteriaceae* (%)                        1.6 ± 0.49                    1.6 ± 0.43
  Proportion of *Lactobacillus* spp. (%)                        2.5 ± 0.79                    3.0 ± 0.68
  Proportion of *Firmicutes* (%)                                27.3 ± 3.90                   38.5 ± 7.38
  Proportion of *Bacteroidetes* (%)                             7.8 ± 1.99                    9.5 ± 2.17
  IgY (OD)                                                      0.48 ± 0.037                  0.74 ± 0.036
  Lysozyme (unit/mg)                                            68675.56 ± 5878.35            107952.81 ± 3991.08
  Avidin (μg/ml)                                                0.23 ± 0.035                  0.32 ± 0.034
  Ovotransferrin (mg/ml)                                        3.63 ± 0.46                   4.34 ± 0.35

Higher immune factor concentrations in eggs of great tits {#sec011}
---------------------------------------------------------

Egg lysozyme and IgY levels were significantly (p \< 0.001) higher in egg albumen and egg yolk of great tits compared to blue tits ([Fig 4](#pone.0204022.g004){ref-type="fig"}, [Table 2](#pone.0204022.t002){ref-type="table"} and [S2 Table](#pone.0204022.s003){ref-type="supplementary-material"}). Mean (± SE) concentrations of lysozyme and IgY were 68675.56 ± 5878.35 and 0.48 ± 0.037 in blue tits and 107952.81 ± 3991.08 and 0.74 ± 0.036 in great tits. These differences are species specific as "species" was shown to be a driver for IgY and lysozyme concentrations (p \< 0.001; [S4](#pone.0204022.s005){ref-type="supplementary-material"} and [S5](#pone.0204022.s006){ref-type="supplementary-material"} Tables). Great tits eggs also tended to show higher concentrations of avidin and ovotransferrin, but without reaching statistical significance (p \> 0.05; [Table 2](#pone.0204022.t002){ref-type="table"} and [S2 Table](#pone.0204022.s003){ref-type="supplementary-material"}).

![Concentration of antimicrobial proteins and IgY antibodies.\
Lysozyme, avidin, ovotransferrin and IgY were determined in the eggs of great and blue tits. The results are expressed as unit/mg lysozyme, μg/ml avidin, mg/ml ovotransferrin or as OD value for IgY. The whiskers represent the mean ± standard error of the mean. Statistical significance is shown by the p value.](pone.0204022.g004){#pone.0204022.g004}

Hatching success in great tits is only slightly impacted by the increased microbial pressure {#sec012}
--------------------------------------------------------------------------------------------

Hatching success in clutches of great tits declined with increasing bacterial load of the fifth egg (p = 0.024; [S6 Table](#pone.0204022.s007){ref-type="supplementary-material"}). In blue tits, none of the studied variables were found to correlate with hatching success. At species level, hatching failure was significantly higher in great tits (16.66 ± 2.79) than in blue tits (10.02 ± 2.92%) (p = 0.025; [Fig 5](#pone.0204022.g005){ref-type="fig"} and [S2 Table](#pone.0204022.s003){ref-type="supplementary-material"}).

![Hatching failure in nests of great and blue tits.\
Shown is the percentage of hatching failure. The whiskers represent the median, the minimum and maximum values, and the first and third quartiles. The plus indicates the mean value. Statistical significance is shown by the p value.](pone.0204022.g005){#pone.0204022.g005}

Discussion {#sec013}
==========

We provide evidence for a higher infection pressure in great tit eggs than in those of the sympatric, ecologically similar blue tit, while the bacterial load of neither species was associated with variation in fragment area, egg volume, laying date or clutch size.

Avian species are known to apply different behavioral, chemical and physical strategies to control embryo infections, such as the use of intrinsic properties of plants to protect their nestlings against contamination with parasites and pathogens. Among passerines, blue tits have been reported to use aromatic plants as nest materials, possibly exploiting the antimicrobial properties of essential oils \[[@pone.0204022.ref035]\]. In our study, we detected leaves of the aromatic plant *Stachys sylvatica*, and pine needles in a number of blue tit nests, and essential oils of both plant species are believed to have antimicrobial activities \[[@pone.0204022.ref036]--[@pone.0204022.ref037]\]. As no such leaves or needles were detected in great tit nests, differential use of nest material may partly explain the observed differences in microbial pressure between both species. Alternatively, or in addition, differential bacterial accumulation may result from differences in nest sanitization, and results of our study would point towards a higher nest hygiene in blue tits. However, this hypothesis contradicts the results of Goodenough & Stallwood (2010) showing higher bacterial loads in blue tit nests than in those of great tits, hence more empirical studies are needed to test this hypothesis \[[@pone.0204022.ref038]\].

In contrast to bacterial load, relative egg microbiota composition (*Enterobacteriaceae*, *Lactobacillus* spp., *Firmicutes* and *Bacteroidetes*) did not differ between great and blue tits, with the *Firmicutes* phylum being the most abundant in both species. Such pattern is in line with gastrointestinal microbiota sampled in adults from various bird species \[[@pone.0204022.ref013]\], supporting the hypothesis that bacteria are transmitted from the female cloaca to the eggs \[[@pone.0204022.ref011]\]. Although most members of these bacterial groups are commensals, several bacterial species are also known as primary or opportunistic pathogens. Especially bacteria of the *Enterobacteriaceae* family such as *E*. *coli*, *Salmonella*, *Yersinia*, *Klebsiella*, *Citrobacter* and *Enterobacter* have been reported to cause disease and mortality in nestling passerines \[[@pone.0204022.ref039]\]. Additionally, *Streptococcaceae* of the phylum *Firmicutes* has been reported to cause embryonic death and infections in nestlings \[[@pone.0204022.ref002]\].

Transmission of antimicrobials and IgY antibodies to the egg constitutes an important chemical defense mechanism in birds. Lysozyme catalyzes the lysis of cell walls of gram-positive bacteria and plays an important role pre-hatching, whereas IgY antibodies particularly protect nestling post-hatching. While still fairly speculative, some authors suggested that mothers may distribute antimicrobial proteins differentially within and among clutches \[[@pone.0204022.ref006]\], based on food availability \[[@pone.0204022.ref040]\] and depending on male attractiveness \[[@pone.0204022.ref009]\]. These studies also provide evidence that birds may have evolved to differentially transmitting antimicrobials to increase the probability of offspring survival. In our study, great tits incorporated more lysozyme and IgY into the eggs than blue tits, suggesting that great tit females may manipulate their antimicrobial allocation to compensate for the higher pathogen load. Or, another speculative possibility is that great tits are generally more efficient in fighting microbes, through which they can select for behaviour and/or nest environments that are associated with higher infection probabilities. The increased lysozyme and IgY allocation may however explain why the reproductive success of great tits was only moderately lower than that of blue tits, despite their larger infection pressure and the observed correlation between infection pressure and hatching failure.

Summarized, the results obtained by this study show that although great and blue tits are relatively closely related and ecologically similar, eggs of great tits are exposed to higher microbial pressures. Great tit eggs contain more lysozyme and IgY, which could limit the negative effect of pathogen pressure on reproductive parameters.
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